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Abstract: Gut microbiota has been proven to play an important role in many metabolic 
diseases and cardiovascular disease, particularly atherosclerosis. Ophiopogonin D (OPD), one 
of the effective compounds in Ophiopogon japonicus, is considered beneficial to metabolic 
syndrome and cardiovascular diseases. In this study, we have illuminated the effect of OPD in 
ApoE knockout (ApoE−/−) mice on the development of atherosclerosis and gut microbiota. To 
investigate the potential ability of OPD to alleviate atherosclerosis, 24 eight-week-old male 
ApoE−/− mice (C57BL/6 background) were fed a high-fat diet (HFD) for 12 weeks, and 8 
male C57BL/6 mice were fed a normal diet, serving as the control group. ApoE−/− mice were 
randomly divided into the model group, OPD group, and simvastatin group (n = 8). After treat-
ment for 12 consecutive weeks, the results showed that OPD treatment significantly decreased 
the plaque formation and levels of serum lipid compared with those in the model group. In 
addition, OPD improved oral glucose tolerance and insulin resistance as well as reducing 
hepatocyte steatosis. Further analysis revealed that OPD might attenuate atherosclerosis 
through inhibiting mTOR phosphorylation and the consequent lipid metabolism signaling 
pathways mediated by SREBP1 and SCD1 in vivo and in vitro. Furthermore, OPD treatment 
led to significant structural changes in gut microbiota and fecal metabolites in HFD-fed mice 
and reduced the relative abundance of Erysipelotrichaceae genera associated with choles-
terol metabolism. Collectively, these findings illustrate that OPD could significantly protect 
against atherosclerosis, which might be associated with the moderation of lipid metabolism 
and alterations in gut microbiota composition and fecal metabolites.

Keywords: Atherosclerosis; Ophiopogonin D; Gut Microbiota; Lipid Metabolism; 
Metabolites.

Introduction

Cardiovascular diseases (CVDs) endanger human health and continue to be a leading cause 
of death worldwide (Lacy et al., 2019). Atherosclerosis, the common pathological basis of 
most CVDs, is characterized by the formation of atherosclerotic lesions within the arterial 
wall (Yu et al., 2019). The etiology of atherosclerosis is complex, including several possi-
ble risk factors such as dyslipidemia, hypertension, type 2 diabetes, and hyperglycaemia 
(Paoletti et al., 2006; Martin-Timon et al., 2014). Atherosclerosis is initiated as lipid par-
ticles accumulate by subsequently trapping in vessel walls. Decreasing cholesterol accu-
mulation is an effective way to alleviate atherosclerosis injury. Increased levels of blood 
lipid markers, such as triglycerides, low-density lipoprotein cholesterol, total cholesterol, 
are the main risk factors for the occurrence and development of atherosclerosis. Although 
a variety of statins are used as first-line pharmacotherapy for controlling blood lipid levels 
in clinical practice, their side effects, such as statin-induced renal disease, muscle damage 
and liver injury, cannot be ignored (Simic and Reiner, 2015). Therefore, there is a pressing 
need for an economical and effective method to improve the treatment of atherosclerosis.

In past decades, various studies have demonstrated that the gut microbiome plays an 
important role in metabolic syndrome, especially CVDs (Jonsson and Backhed, 2017). 
The gut microbiota regulates many metabolic processes of the host, including energy 
homeostasis, glucose metabolism, and lipid metabolism (Sonnenburg and Backhed, 2016). 
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Indeed, the gut microbiome acts as an endocrine organ, generating bio-active 
metabolites such as short-chain fatty acids (SCFAs), secondary bile acids and trimethylamine 
N-oxide (TMAO), which can impact host physiology (Tang et al., 2017; Ohira et al., 2017). 
In particular, TMAO has been shown to be a predictor of incident CVD events (Park et al., 
2019). These findings suggest that the gut microbiome may be a potential target for decreas-
ing the accumulation of plasma-derived lipids, exerting beneficial effects on atherosclerosis.

Ophiopogonin D (OPD) is a main pharmacological compound of Ophiopogon japon-
icus, which is a traditional Chinese medicine widely used for thousands of years. Recent 
studies show that OPD suppresses inflammation and inhibits oxidant stress, thereby exert-
ing anticancer activity (Huang et al., 2015, 2017; Lee et al., 2018). Additionally, OPD has 
been demonstrated to be effective in treating CVDs. OPD alleviates cardiac hypertrophy 
through inhibiting the expression of NF-κB by up-regulating CYP2J3 to suppress inflam-
mation (Wang et al., 2018), improves metabolic syndrome induced by a HFD, and changes 
the gut microbiota (Chen et al., 2018). Since gut microbiota has an important impact on 
the development of atherosclerosis, regulation of gut microbiota disorder by OPD might be 
a new target for the prevention of atherosclerosis. However, the underlying mechanism of 
OPD in atherosclerosis is still unknown.

This study aimed to examine the efficacy of OPD in the prevention of atherosclerosis, 
which has not been investigated previously. Here, apolipoprotein E knockout (ApoE−/−) 
mice were fed a HFD to replicate the atherosclerosis model. Both the area of the athero-
sclerotic lesion and the levels of serum lipids were measured. The gut microbiota of the 
mice was identified by 16S rDNA sequencing, and the fecal metabolites were investigated 
by 1H NMR spectroscopy. Additionally, we also determined the involvement of pathways 
related to lipid metabolism in vivo and in vitro using RT-qPCR and western blotting to 
explore the potential mechanism.

Materials and Methods

Animals and Treatments 

24 eight-week-old ApoE−/− male mice (from the C57BL/6 background) and 8 C57BL/6 
male mice were purchased from Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China) and housed in the Animal Laboratory Centre of Southern Medi-
cal University. It was a specific pathogen-free environment with 22°C room tempera-
ture, 55 ± 5% relative humidity, a 12 h light/dark cycle, and freely available food and 
water. In this study, the ApoE−/− mice were on a HFD containing 21% fat and 0.15% 
cholesterol (Guangdong Medical Laboratory Animal Centre, Guangdong, China) for 12 
weeks. C57BL/6 mice in the control group were fed a normal-chow diet. ApoE−/− mice 
were randomly divided into three groups (n = 8): the model group, OPD group (98% 
purity; 0.5 mg/kg/d) and simvastatin group (5 mg/kg/d). The corresponding drugs were 
administered by oral gavage once daily for 12 consecutive weeks, and 0.9% sterile saline 
was administered by oral gavage once a day to the mice in model and control group. 
Animals were sacrificed after 12 weeks of treatment. Fasting blood, liver tissues, heart, 

2150068.indd   14512150068.indd   1451 13-07-2021   13:50:2813-07-2021   13:50:28

A
m

. J
. C

hi
n.

 M
ed

. 2
02

1.
49

:1
44

9-
14

71
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

24
.2

48
.2

19
.1

43
 o

n 
06

/1
4/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



1452	 Y.X. ZHANG et al.

FA	 WSPC/174-AJCM 2150068 ISSN: 0192-415X	

and aortic tissues were collected. All animal experimental procedures were conducted 
in accordance with international guidelines and were approved by Southern Medical 
University Animal Investigation Ethics Committee. 

Measurement of Serum Profiles

After the 24-week experimental period, all mice were anesthetized, and cardiac punc-
ture was performed to collect blood samples. The serum was separated by centrifuging at 
3000 rpm/min for 15 min and then subjected to analysis of lipid concentrations, including 
low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), triglycerides (TG), 
and high-density lipoprotein cholesterol (HDL-C) using the corresponding assess kits. In 
addition, the alanine transaminase (ALT), aspartate transaminase (AST), malondialdehyde 
(MDA), lactate dehydrogenase (LDH), and superoxide dismutase (SOD) were determined 
using the corresponding assay kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, 
China). The level of C-Peptide was determined using an ELISA kit (Jiangsu Meimian 
Industry Co., Ltd., China) following the manual.

Lesion Analysis

The heart and aortic tissues were fixed and embedded in an optimal cutting temperature 
compound. Cryosections (7 μm thick) were made and stained with Oil red O (ORO) and 
Masson staining protocol for histopathological examination. A portion of the aorta was 
fixed and embedded in paraffin wax. Sections of 5 μm thickness made and stained with 
hematoxylin and eosin (H&E). The lipid content was quantified based on the size of aortic 
lesions stained with ORO, and the lesion area was calculated as a percentage of the total 
area of aortic root using Image J software. Three sections were examined from each sample. 

Histological Analysis of the Liver

After collecting the blood, the livers of mice were collected and weighed. The liver was 
fixed in 10% paraformaldehyde and embedded in paraffin wax. Sections of 5 μm thickness 
were made, deparaffinized, dehydrated, then stained with H&E. A portion of the liver were 
fixed and embedded in optimal cutting temperature compound. Liver cryosections of 7 μm 
were made as per the above method and stained with ORO for histological evaluation. The 
liver index on a fresh weight basis was calculated according to the following formula: Liver 
index (%) = [weight of liver (g)/final body weight (g)] × 100 (Wang et al., 2017).

Tolerance Tests

In the 24th week, mice were subjected to both the oral glucose tolerance test (OGTT) 
and the insulin tolerance test (ITT). Mice fasted for 16 h before OGTT, then weighed and 
administered glucose solution by oral gavage at 2.0 g/kg body weight. The blood glucose 
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was measured before (0 min) and at 15, 30, 60, and 120 min after glucose administration, 
respectively (Ardiansyah et al., 2018). For ITT, the mice were fasted for 6 h, then injected 
intraperitoneally with insulin at 0.75 U/kg body weight (Nagy and Einwallner, 2018). We 
measured the blood glucose before (0 min) and at 15, 30, 60, and 120 min after insulin 
administration, respectively. The area under the curve (AUC) of the blood glucose concen-
trations during OGTT and ITT was calculated.

Real-Time qPCR Analysis

The total RNA in the liver was extracted using a Takara Universal RNA Extraction Kit. 
The RNA samples were reverse-transcribed into cDNA using Primescript Master Mix kits, 
and the cDNA samples were then amplified. Real-time quantitative PCR was performed 
with the ChamQ Universal SYBR qPCR Master Mix. The qPCR condition was as follows: 
95 °C for 10 min, followed by 40 cycles at 95 °C for 5 s and 60 °C for 30 s. The mRNA lev-
els of mammalian targets rapamycin (mTOR), sterol regulatory element-binding protein1 
(Srebp1), acetyl-CoA carboxylase (Acc1), and stearoyl-CoA desaturase-1 (Scd1) were 
analyzed and normalized to the level of Gapdh. The primer sequences are shown in Table 1. 

Western Blot Analysis

The protein samples were respectively collected by liver tissues or human LO2 cells using 
RIPA buffer. Then, the protein concentration was measured by BCA assay. An equal 
amount of protein (40 µg) was separated using 10% SDS-PAGE and transferred to the 
polyvinylidene difluoride membrane. The membrane was blocked in TBST with 5% BSA 
for 2 hrs at room temperature (RT). The membrane was then incubated with primary anti-
bodies (1:1000) in TBST with 5% BSA overnight at 4 °C. After incubation with secondary 
antibody for 1.5 hrs at RT, the membrane was scanned, and the protein band was imaged 
using the chemiluminescence western blot detection system.

Table 1.    Primer Sequences for Quantitative Real-Time 
PCR Amplification

Name Sequence 5′–3′

Gapdh F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGAGGTCA

mTOR F: ACCGGCACACATTTGAAGAAG

R: CTCGTTGAGGATCAGCAAGG

Srebp1 F: TGACCCGGCTATTCCGTGA

R: CTGGGCTGAGCAATACAGTTC

Scd1 F: TTCTTGCGATACACTCTGGTGC

R: CGGGATTGAATGTTCTTGTCGT

Acc1 F: ATGGGCGGAATGGTCTCTTTC

R: TGGGGACCTTGTCTTCATCAT
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Immunofluorescence Staining

The frozen section of the liver was fixed with 10% paraformaldehyde for 10 min. The 
section was permeabilized in 0.2% Triton X-100 and blocked with 5% goat serum. After 
incubation with primary antibody overnight at 4 °C and secondary antibody for 2 hrs at RT, 
the slide was washed twice with PBS and then counterstained using DAPI. The image was 
obtained by fluorescence microscopy.

Cell Culture and Model Establishment

Human LO
2
 cells were cultured with DMEM medium (Invitrogen, Carlsbad, CA, 

USA) supplied 10% fetal bovine serum (Invitrogen), 1% penicillin, and streptomycin 
(Invitrogen), in a humidified atmosphere of 5% CO

2
 in 37 °C. The experiments were 

performed using cells at passages 3–5. OPD (Chendu Must Biotechnology Co., Ltd, 
China) and oleate (Sigma, St. Louis, MO, USA) were dissolved in dimethyl sulfoxide 
(DMSO) (Sigma, St. Louis, MO, USA). After seeding in a 6-well plate at a density of 4 × 
106 cell/mL overnight, LO

2
 cells were exposed to 300 μmol/L oleate solution for 24 hrs to 

induce cellular steatosis model.

Cell Viability

The cell viability was evaluated by CCK8 assay. Cells were seeded at a density of 3 × 
104  cell/mL in 96-well plates and treated with OPD solution. After 24 hrs, CCK8 was 
added to each well and incubated at 37 °C for 40 min. The cell viability was measured 
based on the absorbance at 470 nm and calculated.

Cell ORO Staining and Cell Triglycerides Assay

Cells were cultured as above and treated with oleate solution and OPD (20, 40, 80 μmol/L) 
meantime for 24 hrs. LO

2
 cells were washed with PBS and fixed with 4% paraformalde-

hyde for 15 min at room temperature, then rinsed with PBS. ORO staining images were 
captured with a microscope. In LO

2
 cells triglycerides assay, after digesting the cells with 

pancreatin, the cells were centrifuged at 1000 rpm/min for 10 min and washed twice with 
PBS. Then, the cells were ultrasonic pulverized with PBS and subjected to measure the 
triglycerides level with a corresponding assay kit (Nanjing Jiancheng Bioengineering Insti-
tute, Jiangsu, China) according to the manual.

Gut Microbiota Analysis

Mice faeces were collected and stored at −80 °C. Fecal microbial DNA was extracted 
using a MOBIO PowerSoil DNA Isolation Kit according to the manufacturer’s protocol. 
Microbiota analysis by 16S rDNA gene sequencing was conducted using Takara Bio Inc 
products. The V3-V4 region of the 16S rDNA gene was amplified using forward primer 338F 
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(5′-ACTCCTACGGGAGGCAGCA-3′) and reverse primer 806R (5′-GGACTACHVGG-
GTWTCTAAT-3′). PCR reactions were amplified by thermocycling (BioRad S1000 Thermal 
Cycler). Sequencing libraries were generated using the NEBNext Ultra DNA Library Prep 
Kit for Illumina. The library was sequenced on an IlluminaHiseq2500 platform, and 250 
bp paired-end (PE) reads were generated (Guangdong Magigene Biotechnology Co. Ltd., 
Guangdong, China). Quality filtering of the PE raw reads was performed under specific filter-
ing conditions. Using FLASH software (V1.2.11) to stitch each pair of PE reads, the original 
stitching sequence of raw tags was obtained. After filtering, effective clean tags were obtained. 
Operational taxonomic units (OTUs) with a 97% sequence similarity threshold were analyzed 
by Usearch software (V10). The processing of sequence data-including species annotation, 
statistics of effective OTUs, data normalization, and species community structure analysis 
were performed. For phylotype analysis, the α and β diversity indices of the samples were 
calculated with QIIME (V1.9.1) and displayed with R software (V3.5) (Sang et al., 2018). 

1H NMR Analysis of Fecal Samples 

Mice faeces were collected and stored at −80 °C. 1H-NMR spectroscopy was performed using 
a Bruker AV III 600 MHz spectrometer at 298 K using a noesygppr1d pulse sequence at 
600.20 MHz. The 1H NMR free induction decay (FID) signal was imported into Chenomx 
NMR Suite (V8.3, Edmonton, Canada) for automatic Fourier transform, phase adjustment and 
baseline correction. Chemical shifts were referenced internally to TSP at δ = 0.0 ppm. Spectral 
peaks in the range of 0.1–10.0 ppm were analyzed, with 0.04 ppm used as the segmented inte-
gration unit. The segmented integration values at 4.68–5.0 ppm (water peak), 0.59–0.65 ppm, 
1.72–1.79 ppm, and 2.89–2.93 ppm (DSS peaks) were removed to prevent interference of 
residual water and DSS peaks. The area of all integrated values was then normalized, and a 
matrix of each segment and the corresponding integrated area value was obtained. The vari-
able matrix and integrated area value were used as the source data for subsequent Partial Least 
Squares Discriminant Analysis (PLS-DA) through MetaboAnalyst (V4.0) (Zhang et al., 2020). 

Statistical Analysis

The 16S rDNA analysis was performed by R software (V3.5), and other statistical analysis 
was performed using IBM SPSS software (V20) and the GraphPad Prism statistics (V6.0). 
The data were expressed as mean ± SD. The Student’s t-test was used to compare the 
differences between two groups, and one-way analysis of variance (ANOVA) was used to 
compare more than two groups. A P-value < 0.05 was considered statistically significant. 

Results

Weight and Levels of Serum Biochemical Indicators in Mice

Firstly, we examined the potential effect of OPD treatment on body weight and serum lipid 
levels in HFD-fed ApoE−/− mice. The result in Fig. 1 indicated that a HFD for 24 weeks 
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Figure 1.    Ophiopogonin D prevented the increase in the body weights induced by a high-fat diet and improved 
the blood lipid levels and oxidant stress in ApoE−/− mice. (A) Ophiopogonin structure, (B) Change of body weight 
in the experiment period, (C) Body weight gain between the 20th f and 24th week, (D–G) The serum levels of 
TG, TC, LDL-C, and HDL-C, (H–K) The serum levels of SOD, MDA, LDH, and C-Peptide. Different superscript 
symbols indicate significant differences between groups (#P < 0.05 or ##P < 0.05 vs. control group, *P < 0.05 or 
**P < 0.01 vs. model group).

(A)

(C)

(F)

(I)

(B)

(D)

(G)

(J)

(E)
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significantly increased mice body weight. Compared with the model group, OPD signifi-
cantly reduced body weight gain between the 16th and 24th weeks. In addition, there was 
an increase in serum levels of TG, TC, and LDL-C compared with those of the control 
group (P < 0.01). The levels of TC, TG, and LDL-C were significantly lower in OPD-
treated mice than those in model mice (P < 0.05). The level of HDL-C was not significantly 
different.

It is well known that fatty acid stimulation could trigger oxidative stress reaction. The 
levels of MDA, LDH, and SOD were measured to evaluate the anti-oxidative effect of 
OPD. The results showed that the levels of MDA and LDH were increased in the model 
group, while SOD was decreased (P < 0.01) (Figs. 1H–1J). There was a marked decrease 
for MDA (P < 0.01) and LDH (P < 0.05) in the OPD group as well as an increase for SOD 
(P < 0.05) compared with those in the model group. C-peptide was related to increased 
lipid deposits and elevated smooth muscle cell proliferation in the vessel wall, contributing 
to atherosclerosis (Alves et al., 2019). It showed that the C-peptide level in the model group 
was higher than that in the control group (P < 0.05), and OPD decreased C-peptide levels 
(P < 0.05). 

Lesions in Mice

To assess the effect of OPD on atherosclerotic damage, we observed the atherosclerotic 
lesion in the aortic sinus. As shown in Fig. 2, the HFD-fed mice developed obvious plaques 
in the aorta sinus. However, the percentage of the atherosclerosis lesion area in the OPD 
group was 0.66-fold smaller than that in the model group (P < 0.01). ORO staining showed 
that OPD treatment decreased the lipid deposition in the aortic sinus. Meanwhile, H&E 
staining revealed thickening of the aortic intima and thinning of the smooth muscle layer 
of the vascular media in the model group, while OPD ameliorated these changes. In brief, 
these data suggest that OPD inhibits excessive cholesterol deposition vascularly and allevi-
ates the progression of atherosclerosis. 

Fatty Liver Injury in Mice

Since a HFD is one of the major reasons for the progression of liver steatosis, it was unsur-
prising that there was obvious liver steatosis in model group. As shown in Figs. 3A and 3B, 
the reduction of hepatocyte vacuolation and lipid loading in the liver in the OPD group were 
observed and compared with those in the model group. The liver weight and liver index 
of the model group were increased significantly compared to those of the control group, 
whereas OPD treatment significantly lowered the liver weight and liver index. HFD caused 
liver injury mainly through the release of ALT and AST (Lv et al., 2019). Therefore, we 
determined the levels of ALT and AST to evaluate the effect of OPD on liver function. Com-
pared with the control group, the activities of AST and ALT in the model group were signifi-
cantly elevated (P < 0.01). The AST and ALT activities were significantly decreased in the 
OPD group compared with those of the model group (P < 0.01). Collectively, OPD treatment 
notably ameliorates macrovesicular steatosis of the liver in ApoE−/− mice induced by a HFD. 
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Figure 2.    Ophiopogonin D alleviated the progression of atherosclerosis in ApoE−/− mice fed on HFD. (A) The 
cryosection of aortic root stained with Oil red O. (B) The cryosection of aortic root stained with Masson staining. 
(C) The paraffin section of the aorta stained with H&E staining. (D) The percentage of lesion area in aortic root 
quantified using Image J analysis software. Different superscript symbols indicate significant differences between 
groups (#P < 0.05 or ##P < 0.05 vs. control group, *P < 0.05 or **P < 0.01 vs. model group).

Figure 3.    Ophiopogonin D inhibited HFD-induced liver steatosis in ApoE−/− mice. (A) The liver cryosection 
stained with Oil red O. (B) The liver paraffin section stained with H&E staining. (C–D) The liver weight and liver 
index after 24 weeks. (E–F) The serum levels of ALT and AST. Different superscript symbols indicate significant 
differences between groups (#P < 0.05 or ##P < 0.05 vs. control group, *P < 0.05 or **P < 0.01 vs. model group).
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Tolerance Tests in Mice

To evaluate the effect of OPD on insulin resistance, the OGTT and ITT were performed 
during the 24th week. According to the OGTT result, the blood glucose concentration of 
mice was increased at 15, 30, 60, and 120 min following the oral glucose administration. 
The blood glucose levels in both the model group and drug groups were significantly 
higher than those of control group (Fig. 4A). However, the incremental AUC calculated 
for the OPD treatment group was significantly smaller than that in the model group. 
OGTT result indicated that OPD supplement improved the level of blood glucose in 
mice.

For ITT experiment, it was observed that the blood glucose concentration decreased 
after intraperitoneal insulin administration in all groups. The blood glucose level was 
significantly lower in the OPD group than that in the model group at 15 and 30 min after 
insulin administration (P < 0.05). However, there was no significant difference at 60 and 
120 min between these two groups. In a word, OPD improves the insulin resistance in 
mice.

Figure 4.    Ophiopogonin D improved the OGTT and ITT in ApoE−/− mice. (A) Blood glucose changes in the 
OGTT. (B) The areas under the curve (AUC) in the OGTT. (C) Blood glucose changes in the ITT. (D) The areas 
under the curve in the ITT. Different superscript symbols indicate significant differences between groups (#P < 
0.05 or ##P < 0.05 vs. control group, *P < 0.05 or **P < 0.01 vs. model group).

(A)

(C)

(B)

(D)
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Expression of mRNA and Protein in Mice Liver Tissue

To further explore the underlying mechanism of OPD on lipid metabolism, the lipid 
metabolism-related gene and protein levels were examined by qPCR and western blotting. 
Firstly, the HFD feeding markedly upregulated the mRNA of these genes in the model 
group compared to those in the control group (mTOR, 1.49-fold; Srebp1, 1.92-fold; Acc, 
1.84-fold; Scd1, 1.93-fold; P < 0.05). There was a decrease in the mRNA levels of mTOR, 
Srebp1, Acc, and Scd1 in the OPD group compared with those of the model group (mTOR, 
0.65-fold; Srebp1, 0.57-fold; Acc, 0.54-fold; Scd1, 0.5-fold; P < 0.05). 

To evaluate the level of mTOR activation in the liver, the phosphorylation-mTOR 
(p-mTOR) and total mTOR expression were examined. As shown in Fig. 5E, the level 
of mTOR and p-mTOR (Ser2448) was increased in the model group compared to the 
control group (P < 0.05). OPD down-regulated the protein level of mTOR and p-mTOR 
compared to model group (P < 0.01). These results suggest that OPD treatment could 
reduce the translation level of mTOR in the liver. The protein level of SREBP1 and 
SCD1 was also significantly lower in the OPD group than that in the model group (P < 
0.01). Additionally, the result of immunofluorescence staining showed that there was 
less positive staining of SREBP1 and SCD1 in OPD group compared with the model 
group (Fig. 5G). In a word, OPD improves lipid metabolism by inhibiting the mTOR/
SREBP/SCD1 pathway.

Oleate-Induced Lipid Accumulation Inhibited by OPD

To investigate whether OPD could regulate lipid metabolism in vitro, LO
2
 cells were incu-

bated in the medium with oleate solution for 24 hrs. Intracellular lipids were then detected 
using ORO staining. LO

2
 cells exposed to the oleate solution showed a clear increase in 

lipid droplets compared with the control (Fig. 6B). OPD inhibited lipid accumulation 
induced by oleate in LO

2
 cells. These results were further confirmed by the quantification 

of intracellular TG content (Fig. 6C). Consistent with the results in vivo, OPD treatment 
inhibited the phosphorylation of mTOR (Fig. 6D). Taken together, these results suggest 
that the improvement of lipid metabolism by OPD might be involved in the regulation of 
the mTOR/SREBP1/SCD1 pathway.

Composition of Gut Microbiota

In the current study, 16S rDNA sequencing technology and multivariate analysis were 
employed to explore the effect of OPD on gut microbiota. Based on the OTU statistical 
results, the α-diversity of the samples was determined, and the Shannon index was dis-
played in Fig. 7A. After HFD feeding, the abundance of gut microbiota was decreased 
in the model group compared with that in the control group, but this negative impact was 
offset by OPD treatment. 

Further, we analyzed the β-diversity to evaluate the overall structural changes of gut 
microbiota. Principal coordinate analysis (PCoA) scores based on unweighted UniFrac 
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Figure 5.    Ophiopogonin D changed the lipid metabolism related gene and protein level. (A–D) Relative 
mRNA levels of mTOR, Srebp1, Scd1, and Acc normalized with Gapdh. (E–F) Relative protein levels of mTOR, 
p-mTOR, SREBP1, and SCD1. (G) Immunofluorescence staining of SREBP1 and SCD1 in liver cryosection. 
Different superscript symbols indicate significant differences between groups (#P < 0.05 or ##P < 0.05 vs. control 
group, *P < 0.05 or **P < 0.01 vs. model group).

analysis revealed that the model group was dissimilar from the control group. At the same 
time, PCoA based on weighted UniFrac analysis was consistent with the unweighted 
UniFrac PCoA analysis, indicating that OPD had a positive effect on the abundance and 
diversity of gut microbiota.
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Figure 6.    Inhibition of lipid accumulation in LO2 cells by OPD. (A) LO
2
 cells were treated with the indicated 

concentrations of OPD for 24 hrs, and cytotoxicity was determined using the CCK8 assay. (B) LO
2
 cells were 

treated with 300 μm/mL oleic acid for 24 hrs in the presence or absence of the indicated concentrations of OPD. 
Control cells did not treat with OPD. Cells were stained with Oil Red O. (C) Intracellular TG level was measured 
using a corresponding assay kit. (D) LO

2
 cells were treated with various combinations of molecules as indicated, 

and then protein levels were determined. (#P < 0.05 or ##P < 0.05 vs. control group, *P < 0.05 or **P < 0.01 vs. 
control group).

(A)

(C)

(B)

(D)

Figure 7.    Ophiopogonin D changed the abundance and diversity of gut microbiota in ApoE-/- mice. (A) The 
Shannon index (an indicator of α-diversity in gut microbiota). (B) The unweighted UniFrac principal coordinate 
analysis (PCoA). (C) The weighted UniFrac PCoA. The PCoA evaluated the β-diversity of gut microbiota.

(A) (B) (C)

Taxon-based analysis was performed on OTUs to identify the changes in gut microbiota 
induced by a HFD (Fig. 8). Ten phyla were detected in all samples, which consisted of 
Bacteroidetes and Firmicutes. The relative abundance of Firmicutes was increased by 
a HFD, whereas the relative abundance of Bacteroidetes was noticeably diminished. 
Remarkably, the relative abundance of Bacteroidetes in the OPD group was increased from 
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Figure 8.    Ophiopogonin D changed the composition of gut microbiota in different levels. (A) The relative abun-
dance of gut microbiota at the phylum level. (B–C) The relative abundance of the top 2 genera (Firmicutes and 
Bacteroidetes) at the phylum level. (D) The relative abundance of gut microbiota at the family level. (E–F) The 
relative abundance of the top 2 genera (Muribaculaceae and Erysipelotrichaceae) at the family level. (G) The rela-
tive abundance of gut microbiota at the genus level. (H–I) The relative abundance of significantly different 2 genera 
(Ileibacterium and Faecalibaculum) at the genus level. Different superscript symbols indicate significant differences 
between groups (#P < 0.05 or ##P < 0.05 vs. control group, *P < 0.05 or **P < 0.01 vs. model group).

(A)

(D)

(G)

(H) (I)

(E) (F)

(B) (C)

29.12% to 44.15% compared with that in the model group (P < 0.05), whereas the relative 
abundance of Firmicutes was decreased from 62.84% to 48.32% (P < 0.05). At the fam-
ily level, the relative abundance of Erysipelotrichaceae was markedly decreased by OPD 
compared to the model group, whereas the relative abundance of Muribaculaceae was 
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markedly increased by OPD treatment. At the genus level, OPD had a significant enriching 
effect on the relative abundance of Faecalibaculum (from 1.40% to 3.25%, P < 0.05) and 
an inhibitory effect on the relative abundance of Ileibacterium (from 12.48% to 0.87%, 
P < 0.05) compared with those in the model group. Briefly, OPD remarkably changes the 
composition and the relative abundance of gut microbiota. 

Fecal Metabolites of Mice 

As fecal metabolites are produced by gut microbiota, the content of fecal metabolites was 
examined to determine whether OPD also affected the fecal metabolites. 60 metabolites 
were detected by 1H NMR spectroscopy. The PLS-DA scores of the 1H NMR spectra for 
the four groups showed that the control (red) and model (green) groups had a different 
effect on the metabolic profile for fecal extracts. According to the PLS-DA, the variable 
importance in projection (VIP) scores were calculated, and potential metabolic biomarkers 
were identified (Fig. 9). Notably, leucine and acetate levels were persistently higher in the 

Figure 9.    Ophiopogonin D changed the composition of fecal metabolites. (A) The PLS-DA Scores plots among 
the groups. (B) The variable importance in projection (VIP) scores were identified by PLS-DA. The colored box-
es on the right indicate the relative concentrations of the corresponding metabolite in each group. (C) Loadings 
plot based on PLS-DA analysis. (D) The production of differential metabolites (leucine, acetate, butyrate, ribose, 
alanine, propionate, valine, and methionine).
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OPD group than those in the model group. The butyrate level remained similar for that in 
the model and simvastatin groups. The levels of ribose, propionate, valine, methionine, 
glutamate, and lysine were all relatively higher in the OPD group compared to the model 
group. In a word, OPD changes the content of fecal metabolites.  

Discussion

The present study demonstrated that OPD treatment could slow plaque progression and 
possibly improve lipid metabolism by suppressing the mTOR/SREBP/SCD1 signaling 
pathway in ApoE−/− mice fed on a HFD. In addition, OPD improved hepatic steatosis and 
insulin resistance. Further studies showed that OPD changed the composition of gut micro-
biota as well as fecal metabolites. These findings illustrate that OPD could moderate lipid 
metabolism in vivo and in vitro as well as change the gut microbiota and metabolites in 
atherosclerotic mice. 

CVDs, especially atherosclerosis, endanger the health of many people worldwide. Over 
past decades, studies have found that dysregulated lipid metabolism induces inflammation 
and immune response leading to atherosclerosis, and hyperglycemia is an independent risk 
factor for atherosclerosis (Tunon et al., 2019). Lipid metabolism dysfunction, which is 
always caused by HFD, results in redundant lipid deposition in the organs, such as arteries 
and the liver (Xiong et al., 2019). The transport of lipid to artery intimae, followed by 
deposition, leads to atherosclerotic lesion formation (Yu et al., 2019).

In this study, we found that HFD resulted in a significant increase in the serum TG, 
TC, and LDL-C level, as well as a large plaque in aortic root. OPD treatment could mod-
erate blood lipids mainly through decreasing the levels of TG, TC, and LDL-C instead of 
increasing the level of HDL-C. Further, OPD remarkably reduced the plaque size in the 
aortic root. HFD also induced a stress response with abnormal hepatic lipid accumulation, 
causing the loss of normal structure and function in the liver (Jing et al., 2019), which con-
tained various sizes of lipid droplets in the liver. In our study, we found that OPD treatment 
notably improved the function of the liver by lowering the levels of ALT and AST and 
alleviated macrovesicular steatosis of the liver induced by HFD. 

In addition, some studies have demonstrated oxidative stress to be responsible for the 
simultaneous occurrence of insulin resistance, diabetes, and CVDs (Ceriello and Motz, 
2004; Steven et al., 2019). With the concentrations of free fatty acids, triglycerides, and 
cholesterol increased in HFD-fed mice, it results in an increased production of reactive 
oxygen species (ROS), which triggers oxidative stress (Vergani et al., 2020; Li and Li, 
2020). The antioxidant enzyme system responsible for eliminating ROS in vivo includes 
SOD, LDH, and MDA (Quan et al., 2014). In the present study, we found that the level 
of MDA and LDH in the model group was significantly increased, while SOD decreased. 
After OPD treatment, the serum levels of MDA and LDH were decreased while SOD 
increased, demonstrating that OPD showed an anti-oxidative effect in mice. 

Meanwhile, the level of ROS is closely related to insulin resistance and impaired func-
tion of pancreatic islet beta cells (Zhu et al., 2019). As we know, the liver plays a piv-
otal role in maintaining blood glucose levels by balancing glucose storage and release 
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via glycogen synthesis and breakdown (Javary et al., 2018). As the liver fatty injury was 
induced by the HFD, we found it caused insulin resistance in the model group. Fortunately, 
OPD improved glucose intolerance and insulin resistance in HFD-fed ApoE−/− mice. 

It is known that mTOR is a member of the family of kinases associated with phospha-
tidylinositide 3-kinase and that it forms two distinct complexes: mTORC1 and mTORC2 
(Mao and Zhang, 2018). Some studies have revealed that activation of mTOR promoted 
lipogenesis by activating the transcription of lipogenesis genes, including SREBP1, ACC, 
and SCD1 (Yin et al., 2017; Xu et al., 2016), while the inhibition of mTOR/SREBP1 sig-
naling down-regulated expression of these lipogenic genes (Zhang et al., 2018). mTORC1 
regulates hepatic lipid metabolism through SREBP1, the main regulator of hepatic de 
novo lipogenesis (Luan et al., 2020; Hao et al., 2019). SREBP1 is initially synthesized as 
an inactive precursor and localized in the endoplasmic reticulum. In response to insulin 
signaling, SREBP1 is cleaved and transported to the nucleus to induce lipogenic gene 
expression. Liver-specific inhibition of mTORC1 abrogates SREBP1 function and ren-
ders mice resistant to hepatic steatosis and hypercholesterolemia induced by a Western 
diet (Mao and Zhang, 2018). As endothelial dysfunction occurs in the initial stage of ath-
erosclerosis, the mTOR signaling pathway is involved in the endothelial injury induced 
by oxidative stress (Kurdi et al., 2018). The use of the mTOR inhibitor, rapamycin, also 
reduces oxidative stress, modulates the inflammatory response and attenuates atheroscle-
rotic progression in ApoE−/− mice (Pakala et al., 2005). Furthermore, some research has 
indicated that mTOR plays a crucial role in glucose homeostasis: over-activation of mTOR 
in HFD-induced obese mice caused insulin resistance in the liver, with an mTOR inhibi-
tor functioning as a glucose-lowering agent (Khamzina et al., 2005; Korsheninnikova et 
al., 2006). Therefore, inhibition of the mTOR/SREBP1/SCD1 pathway may have thera-
peutic potential for improving lipid metabolism, anti-oxidant, and glucose homeostasis.

In the present study, OPD treatment inhibited phosphorylation of mTOR and down-
stream SREBP1 and SCD1 in HFD fed ApoE−/− mice and LO

2
 cells, indicating that OPD 

might improve lipid metabolism through suppressing the mTOR/SREBP1/SCD1 signaling 
pathway in vivo and in vitro. Numerous reports have found that the inhibitor of mTORC1 
prevents the generation of foam cells, which induces atherosclerotic plaque formation and 
slows the progression of atherosclerosis in animal models (Martinet et al., 2014). These 
findings provide the theoretical basis for exploring potential OPD effects to alleviate 
atherosclerosis. 

The gut microbiome, a complex ecosystem of trillions of microorganisms, co-develops 
with the host and depends on the host genome, nutrition, and lifestyle (Nicholson et al., 
2012). Recently, there is increasing attention on the role of gut microbiota in CVDs like 
atherosclerosis: intestinal flora can improve atherosclerosis by regulating plasma lipid lev-
els. It has been found that dysbiotic bacteria and their derived products trans-locating to 
the liver through a disrupted gut barrier, where they evoke a hepatic inflammatory reaction 
or metabolite interplays with dietary factors, resulting in lipid metabolism dysregultation 
in the liver (Kolodziejczyk et al., 2019). Meanwhile, metabolic diseases induced by a HFD 
are characterized by loss of microbial diversity, particularly the ratio of Bacteroidetes/
Firmicutes, which exerts multiple effects on host energy metabolism (Cao et al., 2020). 
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Relative to lean mice and humans, obese individuals have an increased relative abundance 
of Firmicutes and a reduced abundance of Bacteroidetes (Hills et al., 2019). Therefore, the 
gut microbiome plays an important role in metabolic diseases. 

In the present study, the model group displayed a marked increase in body weight 
and a decreased ratio of Bacteroidetes/Firmicutes at the phylum level in gut microbiota. 
Our results showed that OPD not only significantly increased the relative abundance of 
Bacteroidetes but also decreased Firmicutes in HFD-fed ApoE−/− mice. Interestingly, OPD 
treatment resulted in distinctive microbiota composition at different classification levels: 
lower levels of Erysipelotrichaceae and higher levels of Muribaculaceae were observed in 
OPD group at the family level. A recent study has shown that Muribaculaceae taxa might 
have the effect of relieving HFD-induced obesity (Cao et al., 2020). Several studies have 
confirmed an association between the Erysipelotrichaceae family and lipidemic profiles 
within the host. There was an increase of Erysipelotrichaceae in mice on a high-fat or 
Western diet (Fleissner et al., 2010). The relative abundance of Erysipelotrichi was pos-
itively associated with changes in liver fat in female subjects who were placed on diets 
in which choline levels were manipulated (Spencer et al., 2011). Furthermore, a correla-
tion between the levels of Erysipelotrichaceae and host cholesterol metabolites has been 
identified (Martinez et al., 2013). It suggested that the reduction of Erysipelotrichaceae 
might improve cholesterol homeostasis. In addition, researchers have found that exces-
sive energy intake can lead to over-activation of mTORC1 signaling, resulting in homeo-
static disruption and metabolic disorders. It has a direct effect on the composition of gut 
microbiota. The over-activation of the mTORC1 pathway would lead to suppression of 
the differentiation of intestinal goblet and Paneth cells. This suppression would lead to a 
reduction of mucus and antimicrobial peptides production and dysbiosis of gut microbiota 
(Noureldein and Eid, 2018; Zhou et al., 2015). 

In our study, there was a higher relative abundance of some beneficial bacteria in the 
OPD group, including Faecalibaculum and Ruminococcaceae_UCG-014. Recent stud-
ies have shown that Faecalibaculum could protect against intestinal tumor growth, and 
Ruminococcaceae and its genus Ruminococcaceae_UCG-014 were reported to relieve 
HFD-induced obesity (Zagato et al., 2020; Zhao et al., 2017). Some other harmful genera 
were also found with lower abundance in the OPD group, including Ileibacterium, which 
belongs to the Erysipelotrichaceae family and is a new bacterial species isolated from the 
human ileum of a patient with Crohn disease (Mailhe et al., 2017). 

Additionally, the present study revealed that OPD increased the content of leucine and 
changed the metabolite composition. Leucine, a branched-chain amino acid, has been con-
sistently correlated with the severity of insulin resistance as well as energy metabolism 
(Rivera et al., 2020). Optimal dietary leucine levels significantly improve insulin signaling 
pathway-including targets of rapamycin and insulin receptor substrate 1, while high levels 
of leucine show an inhibitory effect (Liang et al., 2019). Excessive dietary leucine could 
increase plasma triglyceride content by enhancing lipogenesis, through enhancing expres-
sion of SREBP1, ACC, and fatty acid syntheses. We also observed an obvious increase in the 
content of SCFAs in the OPD group, especially acetate, butyrate, and propionate. It has been 
demonstrated that SCFAs might increase fatty acid uptake and oxidation while preventing 
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lipid accumulation in skeletal muscle (Frampton et al., 2020). Together, these findings indi-
cate that the effect of OPD in improving lipid metabolism might partly depend on its mod-
ulation of gut microbiota and metabolites. However, how gut microbiota directly regulates 
lipid metabolism related gene expression remains unknown and should be further studied. 

In conclusion, our results show that OPD regulates plasma lipid levels to slow down 
atherosclerosis progression in ApoE−/− mice. Additionally, OPD treatment could modulate 
gut microbiota and metabolites, providing a beneficial effect against insulin resistance and 
liver steatosis in HFD-fed ApoE−/− mice. This is the first time that the novel interaction 
between gut microbiota restoration and atherosclerosis improvement by OPD has been 
determined. This study indicates that OPD serves as a potential candidate for regulating gut 
microbiota to prevent atherosclerosis and metabolic diseases. However, further studies are 
necessary to elucidate the exact mechanism by which gut microbiota and lipid metabolism 
pathways are mutually regulated. 
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